The intrinsic lattice thermal conductivity of MoS 2 is an important aspect in the design of MoS 2 -based nanoelectronic devices. We investigate the lattice dynamics properties of MoS 2 by first principles calculations. The intrinsic thermal conductivity of single-layer MoS 2 is calculated using the Boltzmann transport equation for phonons. The obtained thermal conductivity agrees well with the measurements.
performance electronic devices strongly depend on high thermal conductivity for highly efficient heat dissipation, while low thermal conductivity is preferred in thermoelectric application. Recently, experimentally measured thermal conductivity κ of bulk and SL MoS 2 are 110±20 W/mK 10 and 84±17 W/mK 11 , respectively, since phonons are more sensitive to surface disorder with decreasing layers 12 . In addition, theoretically calculated values of κ based on Boltzmann transport equation (BTE) [13] [14] [15] , Molecular-dynamics (MD) simulations 16 , the Klemens model [17] [18] [19] , present great disagreement even by orders of magnitude. Therefore, a precise calculation of κ of SL MoS 2 and clear explanations are needed to clarify such disagreements.
According to the kinetic theory 20 , accurate prediction of κ requires the precise calculation of the distribution of phonon mean free paths (MFPs). Liu et.al. have measured the distribution of phonon MFPs of MoS 2 and suggest that approximately 25% of heat is carried by phonons with MFP larger than 2 µm 10 . However, the reported MD simulations predicted the longest MFP to be 5.2 nm 16 , while some former theoretical calculations based on the Klemens' expression obtained the longest MFP in the scale of 10-200 nm [17] [18] [19] , which is much lower than the measured value. As a result, the corresponding estimated κ is from 1.35 W/mK to 29.2 W/mK, which is lower than the measured 84±17 W/mK as well.
In this paper, we obtain phonon properties from lattice dynamics calculations. The thermal conductivity of isotopically pure and naturally occurring SL MoS 2 are calculated using an iterative solution of the BTE for phonons. The calculated thermal conductivity agrees well with the measurements. Accurate relaxation time and MFP of MoS 2 is obtained.
The calculated MFP distribution of MoS 2 is in consistency to the experimental results. The MFP in the small-grain limit is also investigated when the nanostructuring induced phonon scattering dominates. The role of boundary scattering in MoS 2 nanowires is examined as well.
II. METHODOLOGY
The in-plane κ can be calculated as a sum of contribution of all the phonon modes λ, which comprises both a phonon branch index p and a wave vector q,
where N K is the number of sampling points, C λ is the heat capacity per mode, v λα and τ λα are the group velocity and relaxation time of mode λ along α direction.
The phonon properties (C λ , v λα , τ λα ) in Eq. (1) can be obtained through lattice dynamics calculations and an iterative solution of the phonon BTE. The total lattice energy can be expanded by a Taylor series with respect to atomic displacements, which includes harmonic and (mainly third-order) anharmonic terms 21 . The harmonic and anharmonic interatomic force constants (IFCs) can be obtained from harmonic and anharmonic terms respectively. Using the harmonic IFCs, the phonon dispersion relation can be obtained, which determines the group velocity v λα and specific heat C λ . The contribution to v λα and C λ from anharmonic terms is usually negligible, and can be thus neglected in the corresponding calculations. However, the third-order term plays an important role in calculating the three-phonon scattering rate, which is the inverse of τ λα .
All the calculations are performed using the Vienna Ab-initio Simulation Package (VASP) based on the density functional theory (DFT) 22 . We use the projected augmented wave The harmonic IFCs are obtained by density functional perturbation theory (DFPT) using the supercell approach, which calculates the dynamical matrix through the linear response of electron density 23 . A 5×5×1 supercell with 5×5×1 q-mesh is used to calculate the dynamical matrix, which is the Fourier transform of the real-space harmonic IFCs Φ αβ , and can be given by
where α and β are the Cartesian indices, and I/J is the I/J-th atom. The phonon frequencies and eigenvectors can be directly obtained by the solution to the eigenvalue equation
The anharmonic third order IFCs are calculated using a supercell-based, finite-difference method 24 ,
The same 5×5×1 supercell and 5×5×1 q-mesh are used to obtain the anharmonic IFCs. A well-converged interaction range of 4.2Å is considered herein, which includes forth-nearestneighbor atoms.
The lattice thermal conductivity κ can be calculated iteratively using the ShengBTE code, which is completely parameter-free and based only on the information of the chemical structure [24] [25] [26] [27] . A discretizationa of the Brillouin zone (BZ) into a Γ-centered regular grid of 90×90×1 q points is introduced.
III. RESULTS AND DISCUSSION

A. Lattice dynamics properties
The calculated phonon band structure and phonon density of states (DOS) of SL MoS 2 are shown in Fig. 1(a The LA and TA branches are linear and the ZA branch is quadratic in the vicinity of the Γ point, which is due to the low lattice dimensionality 28 . The calculated bandgap between the acoustic and optical branches is about 46 cm −1 , which is in good agreement with other previous theoretical results 14, 17 .
According to the group-theoretical analysis 29 , since the SL MoS 2 belongs to the D 3h point group symmetry, the optical lattice-vibration modes at Γ can be thus decomposed as,
where IR and R denote infrared-and Raman-active modes respectively. The oscillation patterns of the optical modes are shown in Fig. 1(b) . Obviously, A 2 and A 1 modes are out-of-plane vibration modes, while E and E are in-plane vibration modes. Table I the experimental results, and the discrepancy is less than 4%. The LO/TO splitting is very small and can be neglected here 17 .
The Debye temperature θ D can be calculated with the highest frequency of normal mode vibration (Debye frequency) ν m ,
where h is the Planck constant, and k B is the Boltzmann constant. The calculated Debye temperatures θ D for MoS 2 is 262.3 K, which are in good agreement with previous results,
i.e. 260-320 K for MoS 2 estimated from specific-heat measurement 33 . The Debye temperature reflects the magnitude of sound velocity. Higher Debye temperature means increased phonon velocities and increased acoustic-phonon frequencies, which suppress phonon-phonon scattering by decreasing phonon populations 34, 35 .
The group velocities v g in the irreducible BZ are shown in Fig 2, which indicate weak anisotropy at high frequencies within the entire BZ. The sound velocities in long-wavelength limit are about 4,093 and 6,549 m/s for the TA and LA modes respectively, which are comparable to 5,400-8,800 m/s in silicene 36 , and 4,000-8,000 m/s in blue phosphorene 37 .
The group velocities of optical phonons are less than 3000 m/s, which are much smaller than acoustic phonons. The comparison between κ of SL MoS 2 with naturally occurring isotope concentrations from the single-mode relaxation time approximation (SMA) and the exact solution of the BTE as a function of temperature is also shown in Fig. 3 . The SMA assumes that individual phonon mode is excited independently, which has no memory of the initial phonon distribution, therefore the SMA is inadequate to describe the momentum-conserving character of the Normal processes (N processes) and it works well only if the U processes dominate 39 . With increasing temperature, the difference between the two approaches declines. Our results indicate the N processes play an important role in thermal transport at low temperatures, and the U processes become more important with increasing temperature.
The contributions of different phonon branches to κ iso are listed in Table II , in comparison with graphene and stanene. It has been reported that the large contribution of ZA phonons to the κ of graphene is due to a symmetry selection rule in one-atom-thick materials, which strongly restricts anharmonic phonon-phonon scattering of the ZA phonons 42 , while the buckled structure in stanene breaks out the out-of-plane symmetry. As for MoS 2 , ZA and TA phonons contribute almost equally to κ, while the LA contribution to κ is a bit larger than that from the other two phonon modes. Considering the significant difference in the contribution of each acoustic phonon mode to the total thermal conductivity in these materials, it is worthwhile to perform a detailed investigation of the scattering mechanism in MoS 2 .
We extract the frequency-dependent relaxation time of SL MoS 2 in Fig. 4(a) . At frequencies below 20 cm −1 , the relaxation time of ZA phonons are larger than TA phonons, while LA phonons have much short relaxation time. The relaxation time of three acoustic phonon modes is comparable with each other at higher frequencies. The frequency-dependent MFP of each phonon branch is calculated by l λ = v λ τ λ , as shown in Fig. 4(b) . The MFP of LA phonons is slightly larger than the other two branches at frequencies above ∼25 cm −1 due to larger group velocities. Thus the LA phonons contribute the largest part to the total κ.
The calculated longest relaxation time of acoustic phonons (∼10 4 ps) is two to three orders of magnitude larger than the previous work (∼20-500 ps) 17, 19 based on the Klemens' expressions 43 . As a result, the longest MFP in Ref. 17 and 19 (18.1 nm and 221.4 nm, respectively) is much smaller than measured value of >2 µm 10 . In this work, the calculated MFP in Fig 4(b) is in consistency to the experimental result. The cumulative thermal conductivity with MFPs below L can be calculated by the following expression,
The cumulative thermal conductivity with respect to L at 300 K is shown in Fig. 5(a) . The accumulation κ(L) increases as L increases, until reaching the thermodynamic limit above a length L dif f , which represents the longest mean free path of the heat carriers. The L dif f of isotopically pure and naturally occurring MoS 2 are 7.5 µm and 7.2 µm, respectively, which are in consistency to the experimental result 10 . The MFP distribution also suggests that, to reduce the lattice thermal conductivity of SL MoS 2 , a sample with a characteristic length less than ∼7 µm is required.
Furthermore, when the size of sample gets smaller, the nanostructuring-induced phonon scattering becomes dominant over the three-phonon scattering, and the small-grain-limit reduced κ becomes proportional to a constant value l SG 26 . We calculate the ratio of the thermal conductivity to the thermal conductivity per unit of MFP in the small-grain limit;
the l SG is found to be 131.5 nm and 114.1 nm for isotopically pure and naturally occurring MoS 2 at 300 K. This quantity is crucial for the thermal design to modulate the thermal conductivity in the small-grain limit, for example nanowires.
In a nanowire system, phonons with long MFPs will be strongly scattered by the boundary. As a result, the contribution of these phonons to κ will be limited. In MoS 2 nanowires, κ decreases with decreasing width, and drops to about half the maximum κ in the thermodynamic limit at widths about 130 nm and 126 nm for isotopically pure and naturally occurring MoS 2 , as shown in Fig. 5(b) . Our result indicates that the lattice thermal conductivity of MoS 2 is sensitive to boundary scattering, and can be further reduced in nanostructures for engineering thermal transport in MoS 2 .
IV. CONCLUSION
We calculate the lattice thermal conductivity κ of SL MoS 2 using first-principle calculation and an iterative solution of the BTE for phonons. The introduction of isotopes leads to a 10% reduction of κ. The intrinsic relaxation time and the distribution of phonon MFPs are investigated in detail. The diffusion-limited MFP SL MoS 2 is larger than 7 µm at 300 K. The size dependence of thermal conductivity is investigated as well for the purpose of designing nanostructures. Our work provides a fundamental understanding of phonon transport in SL MoS 2 to predict the thermal performance of MoS 2 -based potential devices.
